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Cross-Talk between Tight and Anchoring Junctions—Lesson 
from the Testis 

Helen H.N. Yan*, Dolores D. Mruk, Will M. Lee, and C. Yan Cheng 

Abstract 

Spermatogenesis takes place in the seminiferous tubules in adult testes such as rats, in which 
developing germ cells must traverse the seminiferous epithelium while spermatogonia (2n, 
diploid) undergo mitotic and meiotic divisions, and differentiate into elongated spermatids (In, 
haploid). It is conceivable that this event involves extensive junction restructuring particularly at 
the blood-testis barrier (BTB, a structure that segregates the seminiferous epithelium into the basal 
and the adluminal compartments) that occurs at stages VII-VIII of the seminiferous epithelial 
cycle. As such, cross-talk between tight (TJ) and anchoring junctions [e.g., basal ectoplasmic 
specialization (basal ES), adherens junction (AJ), desmosome-like junction (DJ)] at the BTB must 
occur to coordinate the transient opening of the BTB to facilitate preleptotene spermatocyte 
migration. Interestingly, while there are extensively restructuring at the BTB during the epithelial 
cycle, the immunological barrier function of the BTB must be maintained without disruption even 
transiently. Recent studies using the androgen suppression and Adjudin models have shown that 
anchoring junction restructuring that leads to germ cell loss from the seminiferous epithelium also 
promotes the production of AJ (e.g., basal ES) proteins (such as N-cadherins, catenins) at the BTB 
site. We postulate the testis is using a similar mechanism during spermatogenesis at stage VIII of 
the epithelial cycle that these induced basal ES proteins, likely form a “patch” surrounding the 
BTB, transiently maintain the BTB integrity while TJ is “opened”, such as induced by TGF-b3 or 
TNFa, to facilitate preleptotene spermatocyte migration. However, in other stages of the epithelial 
cycle other than VII and VIII when the BTB remains “closed” (for -10 days), anchoring junctions 
(e.g., AJ, DJ, and apical ES) restructuring continues to facilitate germ cell movement. 

Interestingly, the mechanism(s) that governs this communication between TJ and anchoring 
junction (e.g., basal ES and AJ) in the testis has remained obscure until recently. Herein, we 
provide a critical review based on the recently available data regarding the cross-talk between TJ 
and anchoring junction to allow simultaneous maintenance of the BTB and germ cell movement 
across the seminiferous epithelium. 


Introduction 

In adult rats, spermatogenesis takes place in the seminiferous tubules in testes, in which 
spermatozoa (In, haploid) differentiate from spermatogonia (type A, 2n, diploid) in the 
seminiferous epithelium in -58 days via six mitotic and two meiotic divisions 
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consecutively. 1 - 2 During this time, germ cells also undergo different phases of cellular 
differentiation with changes in morphology particularly at the head region associated with 
chromatin condensation, as well as tail elongation (see Fig. 1). Earlier studies using PAS 
(periodic acid-Schiff reaction) staining has divided these cellular changes in the 
seminiferous epithelium in adult rats into 14 stages, which, in turn, are comprised of one 
seminiferous epithelial cycle, from stages I to XIV. Each stage displays a unique pattern of 
association of germ cells at different stages of their development with Sertoli cells in the 
seminiferous epithelium. 1-6 If an investigator is visualizing a specific section of the tubule at 
stage I in the epithelium under a transillumination stereomicroscope, this stage progresses to 
II through XIV and returns to stage I in -12.9 days in rats. As such, a type A 
spermatogonium requires to complete the epithelial cycle 4.5 times in -58 days utilizing 
much of these time for mitosis before it divides and matures into 256 spermatozoa. 1 - 4 This 
process is precisely regulated under FSH, LH, and testosterone via coordination between the 
hypothalamus, pituitary gland, and the testis, which is known as the hypothalamic-pituitary- 
testicular axis (see Fig. 1). 

Besides these well defined hormonal events that occur along the hypothalamic-pituitary- 
testicular axis, spermatogenesis cannot proceed unless preleptotene spermatocytes residing 
in the basal compartment can traverse the blood-testis barrier (BTB) at late stage VII 
through early stage VIII (these two cycles combined last for -3.5 days in rats), entering into 
the adluminal compartment for further development 7 (Fig. 1). The BTB is a functional term 
initially coined by Chiquoine 8 and others 9 to illustrate the presence of a physiological 
barrier in the testis. The tightness of the BTB is comparable to the blood-brain barrier. It 
prevented staining of the seminiferous tubules when dyes (e.g., acriflavine used by 
Kormano 9 ) were injected into animals (for a review, see ref. 10). Subsequent studies by 
Setchell and colleagues have illustrated many unique features of the BTB versus other 
barriers in mammals (e.g., the blood-brain barrier or the blood-retina barrier). 10 For 
instance, besides Sertoli cells, peritubular myoid cells in rodents contribute to the BTB 
function by limiting the diffusion of lanthanum and colloidal carbon, 1112 however, in other 
blood-tissue barriers, the barrier function is contributed almost exclusively by the epithelial 
or endothelial cells alone. 

Several hypotheses regarding the movement of germ cells across the BTB have been 
suggested. For instance, the “zipper theory” proposes that during germ cell migration across 
the BTB, new occluding fibrils form below the preleoptotene/leptotene spermatocytes, to be 
followed by the break down of occluding fibrils above these spermatocytes. 3 - 13 The 
“intermediate cellular compartment theory” of Russell 7 - 14 suggests the presence of a unique 
compartment inhabited by the preleptotene/leptotene spermatocytes in transit where these 
spermatocytes are trapped in between two occluding zonules as confirmed by electron 
microscopy. The “repetitive removal of membrane segments theory” of Pelletier 15 suggests 
that the upward movement of the migrating germ cells create stresses on the Sertoli cell 
junctional complexes, which, in turn, induces the formation of intercellular pockets. Each 
developing germ cell (except elongating spermatid) is trapped in one of these intercellular 
pockets, sealed at both ends by tight junction (TJ), and anchoring junctions [e.g., adherens 
junction (AJ) and desmosome-like junctions (DI). Note: while DJ is an intermediate 
filament-based anchoring junction that localizes to the BTB, virtually no functional study is 
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found in the literature regarding this junction type. Also, the molecular composition is 
virtually unknown, and as such, DJ is not included in our remaining discussion herein] and 
moves progressively across the seminiferous epithelium until it is internalized in autophagic 
vesicles. However, neither the “zipper”, the “intermediate cellular compartment”, nor the 
“repetitive removal of membrane segment” theories can perfectly describe the processes of 
preleptotene spermatocyte migration across the BTB during stage VIII of the epithelial 
cycle, taking into account the interactions between integral membrane proteins at the BTB, 
their peripheral adaptors, kinases, phosphatases, cytokines, proteases and protease 
inhibitors. 3 - 5 - 614-17 This is not entirely unexpected since these postulates by and large were 
based on morphological studies without any biochemical and/or molecular data available at 
the time. A recent hypothesis known as the “junction restructuring theory” has provided a 
more solid basis in delineating the complicated biochemical and molecular cascade of events 
behind this phenomenon (for a review, see refs. 6,17). The essence of this hypothesis 
suggests that germ cell movement is composed of waves of junction disassembly and 
reassembly that occur under the influence of cytokines (e.g., TGF-(i3 and TNF-a) that are 
released by Sertoli and/or germ cells into the microenvironment to facilitate cell movement. 
For instance, these cytokines regulate the steady-state levels of proteins at the BTB (e.g., 
occludin, ZO-1, cadherins and catenins) and the homeostasis of proteases and protease 
inhibitors in the epithelium. 17 The net result of these interactions determines the “opening” 
or the “closing” state of the BTB to facilitate germ cell movement. This biochemical theory, 
if confirmed and adequately characterized, should provide new clues for developing novel 
male contraceptives, such as by “shutting-down” the BTB to prohibit the migration of 
preleptotene spermatocytes from the basal to the adluminal compartment. Recent studies 
have also illustrated that this hypothesis fits quite well with the “zipper theory” (see below 
for further discussion). 

The Concept of Endocytosis in BTB Dynamics 

In other epithelia, endocytosis has been shown to play a pivotal role in junction restructuring 
to facilitate cell migration. 18-20 This mechanism also provides the efficient means for 
restructuring junctional complexes at the TJ-barrierby perturbing its permeability without 
requiring de novo protein synthesis. 18 For instance, it is suggested that intercellular 
movement is achieved by coendocytosis of apposing TJ-integral membrane proteins into the 
adjacent cells in a study using mouse Eph4 cells in vitro. 19 Besides, there is growing 
evidence that the “leaky” intestinal epithelia in chronic disorders is mediated by abnormal 
internalization of TJ-integral membrane proteins via endocytosis. 21 - 22 Interferon-y (IFNy), a 
proinflammatory cytokine, was shown to increase the intestinal permeability through its 
effects on TJ proteins such as occludin, junctional adhesion molecule-A (JAM-A) and 
claudin-1 in T84 cells. 22 - 23 For instance, TJ proteins were internalized into large vacuoles 
via the RhoA/ROCK signaling pathway. 22 

In the testis, endocytosis is also employed by Sertoli cells for house-keeping activities, such 
as phagocytosis of germ cells undergoing apoptosis or anoikis. This process is also used to 
eliminate residual bodies from elongating spermatids prior to spermiation when fully mature 
spermatids (spermatozoa) are emptied into the tubular lumen. 17 At present, it is not clear if 
testes employ similar mechanism as other epithelia to regulate the rapid turnovers of TJ- and 
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AJ-integral membrane proteins at the BTB to facilitate germ cell migration. Obviously, this 
can certainly be possible. Cytokines, such as TGF-| J ) and TNF-a, have been shown to 
increase BTB permeability via different signaling pathways. 24 - 25 However, the 
mechanism(s) that reduces the TJ protein levels following cytokine treatment is not known. 
Does this simply the result of a decline in de novo protein synthesis or involve 
internalization of TJ-integral membrane proteins? Recent findings have suggested that 
endocytosis does occur in the testis at the apical ES to facilitate spermiation. For instance, 
the formation of tubulobulbar complexes (TBC, another testis-specific AJ type) at the Sertoli 
cell-elongated spermatid interface at late stage VIII of the epithelial cycle prior to 
spermiation by replacing the apical ES has been speculated to assist the release of mature 
spermatids via internalization of TBC-junction molecules. 16 This postulate has been 
confirmed in a recent study 26 which showed that the TBC indeed appeared at the concave 
surface of the head of spermatids that was previously occupied by apical ES. Furthermore, 
the adhesion domains of nectin-2 and 3 were found to be internalized as membrane vesicles 
near the TBC at spermiation. 26 The fate of these internalized adhesion molecules at TBC 
remains to be determined; they can either be degraded or recycled back to the cell surface. In 
other epithelia, most of the endocytosed molecules (e.g., E-cadherin and occludin) enter the 
recycling pathway so that they can be rapidly recycled back to the cell surface to maintain 
junction integrity, especially in unstable cell-cell contacts. For instance, a significant 
increase in E-cadherin recycling was detected in MDCK cells during [Ca 2+ ]-depletion- 
induced loss of cell adhesion. 27 - 28 

It is conceivable that internalization of TJ and/or AJ integral membrane proteins takes place 
at the BTB between adjacent Sertoli cells. However, this would be a more complicated event 
since TJ, AJ (e.g., basal ES and basal TBC), and desmosome-like junctions are coexisting at 
the BTB (see Figs. 1, 2). In other epithelia, it is believed that endocytic recycling of TJ 
proteins (e.g., occludin) is mediated by Rab GTPases, 28 and Rab8B was shown to 
structurally associate with E-cadherin in the rat testis at both the BTB and the apical ES 29 
(see Fig. 3). Moreover, other than intracellular movement, endocytosis can also mediate the 
disassembly of cell-matrix focal adhesion to facilitate cell movement along the extracellular 
matrix. 30,31 Interestingly, the basal ES is a hybrid cell-cell and cell-matrix anchoring 
junction type because it is composed of proteins that are usually restricted to focal adhesion 
complex at the cell-matrix interface, such as FAK and vinculin. 32 The disassembly of focal 
adhesion at the fibroblast-matrix interface is independent of Rho GTPases, instead, another 
GTPase called dynamin is involved. Dynamin is known to play a pivotal role in endocytic 
process. Among the three isoforms of dynamin, dynamin-2 and 3 are highly expressed in the 
testis, particularly in Sertoli and germ cells 33 - 34 while dynamin-1 is neuron-specific. It is 
likely that dynamin may be involved in the internalization of junction molecules at the BTB. 
Ubiquitination is another physiological process that has recently been shown to play a 
crucial role injunction protein turnover using Sertoli cells cultured in vitro. 35 For instance, 
ubiquitination is used to facilitate the rapid turnover of occludin at the inter-Sertoli TJ- 
barrier by targeting the ubiquitin-conjugating enzymes, such as Itch and UBC4, to occludin 
to induce its degradation by proteasomes or lysosomes. 35 Obviously, much research is 
needed in this area to investigate the role(s) of integral membrane protein recycling and 
ubiquitination at the BTB to facilitate germ cell movement. These studies will also identify 
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new targets for male contraceptive research, such as by disrupting the events of protein 
recycling and/or internalization at the BTB to perturb spermatogenesis. 

Some Unique Physiological Phenomena at the BTB: Unidirectional and 
Bidirectional Cross-Talk between TJ and Anchoring Junction (e.g., Basal 
ES and AJ) 

In multi-cellular organisms, cell-cell adhesion in epithelia is mediated through junction 
complexes which are constituted by TJ, AJ, desmosomes and gap junctions (for a review, 
see ref. 36). Each of these junction types has a specific physiological role. For instance, the 
TJ functions as a barrier to limit the passage of ions, water and other molecules between 
cells, and maintains cell polarity. The AJ links neighboring cells together by forming a 
continuous adhesion belt, desmosomes serve as an anchoring site and unite cells together 
while the gap junction is for communication between cells. Interestingly, BTB is unique in 
its morphological layout versus other blood-tissue barriers found in other epithelia/ 
endothelia (for reviews, see refs. 2,3,5,6). In brief, in other epithelia/endothelia excluding 
the seminiferous epithelium, junctions are organized typically from apical to basal, in which 
TJ is present at the most apical region, to be followed by AJ and then desmosomes (for 
reviews, see refs. 37,38^10). As such, these junctions, in particular TJ, are furthest away 
from ECM. However, the TJ in the testis is located at the basal compartment of the 
seminiferous epithelium, closest to the basement membrane, a modified form of ECM 41 - 42 
and coexisting with AJ, basal ES, basal TBC (both basal ES and basal TBC are testis- 
specific AJ types restricted to the Sertoli-Sertoli cells interface at the BTB), gap junctions, 
and desmosome-like junctions (see Figs. 1, 2). 346 ’ 17 ’ 43 ^ 5 

Apart from the unique morphological features of BTB, the testis apparently is using a 
specialized junction restructuring mechanism in assisting preleptotene spermatocytes to 
migrate across the BTB, such that the post-meiotic germ cell antigens can be sequestered 
from the immune system while permitting continuous restructuring of the TJ-barrier and/or 
anchoring junction (e.g., basal ES and AJ) at the BTB. This apparently is in contrast to other 
blood-tissue barriers (e.g., blood-brain and blood-retina barriers), even though they are 
suggested to be dynamic in nature. 18 Unlike the BTB, these blood-tissue barriers do not 
undergo such drastic restructuring to facilitate the migration of preleptotene spermatocytes 
which are 10-15 pm in diameter. Besides, except for stage VIII of the epithelial cycle, the 
BTB remains closed to limit the entry of preleptotene spermatocytes into the adluminal 
compartment. This implicates that there are unique molecules and mechanisms in place to 
coordinate these events. 

In the past decade, different in vivo models have been used to study BTB dynamics and 
regulation. 17 There are a number of interesting observations stemming from this body of 
work. For instance, studies using CdCU, 46-48 an environmental toxicant, and glycerol 47 31 
have shown that these toxicants can irreversibly perturb TJ which, in turn, lead to anchoring 
junction damage, dislodging germ cells of all classes from the epithelium. These studies thus 
illustrate the presence of cross-talk between tight and anchoring junctions that a disruption 
in TJ can spread to anchoring junction such as apical ES, which is located at the opposite 
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end of the TJ in the seminiferous epithelium (see Fig. 1C). These findings are consistent 
with the cellular physiology in other epithelia, such as the skin, in which a disruption of TJ 
leads to underlying AJ damage and vice versa, 52-54 illustrating bi-directional cross-talk 
between TJ and anchoring junction. However, in studies using antispermatogenic drugs such 
as Adjudin 55 and lonidamine, 56 it was shown that anchoring junction (e.g., apical ES) 
disruption could be limited to the interface between Sertoli cells and elongating spermatids/ 
elongate spermatids/round spermatids/spermatocytes (but not spermatogonia) without 
compromising anchoring (e.g., basal ES) and tight junctions between Sertoli cells at the 
BTB, 17 ’ 57,58 illustrating unidirectional cross-talk between TJ and anchoring junction in the 
testis. These findings were also supported in a recent study using the model of McLachlan 
and O’Donnell by suppressing the endogenous testosterone level in the testis using 
testosterone/estradiol (TE) implants. 59 - 60 For instance, suppression of intratesticular 
androgen level by using TE implants in adult rats can lead to disruption of apical ES at the 
Sertoli-germ cell interface (step 8 spermatids and beyond) without perturbing the BTB nor 
anchoring junctions between Sertoli cells and round spermatids/spermatocytes/ 
spermatogonia. 60 - 61 Indeed, using the androgen suppression model, we have confirmed that 
a disruption of apical ES can be limited to the Sertoli cell-spermatid interface without 
compromising the BTB integrity nor the anchoring junction between Sertoli cells and round 
spermatids/spermatocytes in the seminiferous epithelium. 62 In short, these findings are 
drastically different from other blood-tissue barriers (e.g., in the skin) since AJ disruption in 
these barriers always leads to TJ damage, 53 - 54 and the assembly and integrity of TJ depend 
on AJ. 63 - 64 For instance, when the reassembly of junctional complexes in intestinal cells is 
initiated by an incubation of high-calcium medium, AJ is reassembled within ~30 min prior 
to TJ assembly. 65 As such, these results illustrated that this unidirectional cross-talk 
mechanism is operating at the BTB in which a disruption of Sertoli-germ cell adhesion can 
be restricted to anchoring junction (e.g., apical ES) without interfering with TJ nor 
anchoring junction (e.g., basal ES) at the BTB. 


Changes in Protein-Protein Interactions between Integral Membrane 
Proteins and Their Adaptors, and Cross-Talk between Junctions at the BTB 
in the Regulation of BTB Dynamics 

To address the observations regarding the cross-talk between TJ and AJ (e.g., basal ES) at 
the BTB that regulate its timely opening to facilitate preleptotene spermatocyte migration at 
stage VIII of the cycle, recent studies have shifted the focus on the role of protein-protein 
interactions in BTB dynamics. 

Studies based on two different in vivo models, namely the Adjudin-’ 2 - 55 - 57 and the androgen 
suppression model have yielded some interesting observations that leads to a hypothesis to 
be tested in future studies. First, in the testosterone suppression model of O’Donnell 60 - 61 in 
which subdermal testosterone/estradiol implants were placed in adult rats to suppress the 
intratesticular T level, it was shown that a loss of testosterone in the seminiferous epithelium 
selectively perturbed apical ES junction (from step 8 spermatids and beyond), leading to 
spermatid depletion from the seminiferous epithelium. While the BTB integrity and 
functionality were not compromised, 62 there were significant changes at the BTB as well. 
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reminiscence of the seminiferous epithelium during spermatogenesis, such as stage VIII of 
the epithelial cycle. For instance, at the time of apical ES restructuring that led to spermatid 
depletion from the epithelium, there were enhanced production of several basal ES proteins 
(e.g., cadherins, integrins, JAM-A). 57,66,74 Second, these observations were consistent with 
other findings using the Adjudin model in which the Adjudin-induced anchoring junction 
restructuring in the seminiferous epithelium also led to progressive depletion of germ cells 
from the seminiferous epithelium, beginning with elongating/elongate spermatids, to be 
followed by round spermatids and spermatocytes. 6 ’ 75 However, the BTB apparently 
remained “intact”. 17 Likewise, an induction of an array of proteins at the BTB was also 
detected, such as cadherins, cateneins, integrins, 32,74-76 illustrating restructuring indeed 
occurred at the BTB, but unlike the apical ES at the Sertoli cell-spermatid interface that led 
to spermatid loss from the epithelium, such BTB restructuring did not lead to functional 
damage which compromise the immunological barrier, reminiscent of the seminiferous 
epithelium at stage VIII of the epithelial cycle. We thus postulate that these transiently 
induced basal ES proteins that form a “patch” are being used to temporarily “reinforce” the 
TJ-barrier function at the BTB during androgen suppression- or Adjudin-induced junction 
restructuring in the seminiferous epithelium so that the BTB integrity can be maintained as 
observed in these models. However, this transient induction in basal ES proteins can also 
“supersede” the TJ-barrier function temporarily when TJ must open to accommodate 
preleptotene spermatocyte migration at stage VIII of the epithelial cycle. This speculation 
was also supported by a study using fluorescent microscopy. For instance, in studies using 
the androgen suppression model, it was shown that during the androgen depletion-induced 
spermatid (step 8 and beyond) loss, the increased basal ES proteins (e.g., N-cadherin, (’>- 
catenin) at the BTB had surrounded the entire basal compartment, forming a transient 
“patch”, and extended into the seminiferous epithelium well beyond the BTB site. 57,62,66 As 
such, these basal ES proteins could “patch” the TJ-barrier, reinforcing the BTB integrity, 
which is also the mechanism being used to maintain the transiently disrupted TJ-barrier at 
the Sertoli-Sertoli interface at stage VIII of the cycle, facilitating preleptotene spermatocyte 
migration while maintaining the immunological barrier at the BTB. It is obvious that this 
possibility must be carefully evaluated and investigated in future studies. While functional 
data are not yet available to support this “patch” hypothesis, recent findings in the field seem 
to favor this postulate. For instance, several TJ proteins, such as JAM-C and coxsackievirus 
and adenovirus receptor (CAR) are putative integral membrane proteins at the TJ of multiple 
epithelia, 67 7(1 yet recent studies have shown that they are also putative Sertoli and/or germ 
cell products that are restricted to the apical ES. 71,72 A recent report has also identified the 
presence of JAM-A in germ cells, 73 which is also detected at the BTB colocalizing with 
ZO-1 by fluorescent microscopy, 62 suggesting that it is likely a component of the basal ES 
at the BTB. These findings are significant because they illustrate that ectoplasmic 
specialization (e.g., apical and basal ES), a testis-specific AJ type, is indeed a hybrid of AJ 
and TJ as it consists components of TJ-integral membrane proteins. Thus, these TJ 
component proteins at the basal ES can confer the necessary tight junction functionality, 
however, when the TJ fibrils are disrupted, the transiently induced basal ES proteins serve as 
a transient “patch”. Nonetheless, this concept must be vigorously investigated in future 
studies. 
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One may argue that since there was a surge in anchoring junction proteins in the 
seminiferous epithelium, and these proteins were being used to “reinforce” the TJ-barrier 
function at the BTB, why would such an increase in anchoring junction protein levels (e.g., 
cadherins and catenins) in the seminiferous epithelium fail to retain germ cells outside the 
BTB. Based on limited available data, it seems that this loss of cell adhesion is the result of 
a loss of protein-protein association between cadherins and catenins at the Sertoli-germ cell 
interface. 66 This is likely mediated by a surge in tyrosine phosphorlyation of P-catenin, 
resulting in a reduction in its adhesive activity. 66 Other studies have shown that tyrosine 
phosphorylation of AJ proteins (e.g., cadherins) facilitates junction disassembly in various 
epithelia, 77 - 78 as well as in pathological conditions, such as tumor metastasis 79 whereas 
Ser/Thr phosphorylation, on the contrary, promotes adhesion. In addition, other molecules 
are operating side-by-side to regulate BTB. For instance, the integrity of endothelial TJ- 
barrier was found to be partly regulated by reactive oxygen species, such as hydrogen 
peroxide. These reactive oxygen species up-regulate tyrosine phosphorylation of FAK and 
paxillin (note: these are cell-matrix focal adhesion proteins but have now been found at the 
apical and basal ES, such as the BTB), as well as P-catenin and VE-cadherin in the vascular 
endothelium. 80 Likewise, recent studies have shown that NO, a reactive oxygen species 
produced by NOS, regulates Sertoli cell TJ-barrier and Sertoli-germ cell anchoring junction 
function via the cGMP/PKG signaling pathway 81 - 82 which is also associated with a 
significant decline in cadherin-NOS and catenin-NOS interaction. 74 - 76 It is likely that these 
changes can lead to an increase in phosphorylation of the cadherin/catenin complex via the 
action of PKG. 76 - 82 These observations thus support the notion that as preleptotene 
spermatocytes traverse the BTB, there must be a coordination in the disintegration of TJ and 
anchoring junction. We speculate that when TJ is “opened” to accommodate cell migration, 
the transiently induced basal ES proteins form a “patch” to supersede the temporarily loss 
TJ-barrier function (see text above). Thereafter, cell adhesion complexes in the “patch” also 
transiently “open” to facilitate cell movement by altering their phosphorylation status so that 
preleptotene spermatocytes can continue their migration. However, one may also argue if 
the basal ES and perhaps AJ transiently loss their adhesion function at the BTB to facilitate 
preleptotene spermatocyte migration, how can BTB maintains its cell adhesion and TJ- 
barrier function at the time. Interestingly, in studies using the Adjudin and the androgen 
suppression model, it was shown that there was a transient induction in TJ-proteins (e.g., 
occludin, ZO-1, JAMs) at the BTB when spermatids were depleting from the 
epithelium. 57 - 62 - 66 - 73 We speculate that these induced TJ-proteins are being used to 
supersede the temporal loss of AJ function at the BTB to confer adhesion between migration 
preleptotene spermatocytes and Sertoli cells. For instance, it is known that the first 
extracellular domain of occludin can confer cell adhesion function. 83 In short, it is likely that 
TJ and basal AJ at the BTB are working in concert to facilitate preleptotene spermatocyte 
migration while maintaining the TJ-barrier function and cell adhesion in this 
microenvironment. 

In the testis, apical ES is considered to be a hybrid cell-cell actin-based AJ and cell-matrix 
focal contact anchoring junction type restricted to the interface between Sertoli cells and 
developing spermatids in adult rat testes. 32 - 84 - 85 This conclusion is reached since several 
focal contact proteins usually restricted to the cell-martix interface to facilitate cell 
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movement (e.g., macrophages and fibroblasts) in other epithelia are also found at the apical 
ES. For instance, FAK is localized at the basal ES near the basement membrane while its 
phosphorylated and activated form, p-FAK-Tyr 397 , is detected almost exclusively at the 
apical ES and is structurally associated with a nonreceptor protein tyrosine kinase, c-Src. 32 
Furthermore, their protein levels are significantly induced when germ cells are depleting 
from the seminiferous epithelium, as illustrated in the Adjudin and testosterone-suppression 
models.-’ 2 - 86 Other protein kinases, including Csk, CK2 and Fer kinases have also been 
found to associate with N-cadherin and catenin at the basal and apical ES. 74 - 75,87 Integrin- 
linked kinase (IFK) was also reported to be associated with (31 integrin at the apical ES. 85 
Collectively, these findings coupled with recent reports that TJ proteins are also integral 
components of the apical and basal ES (see discussion above) thus illustrate that ES is 
indeed a unique hybrid anchoring junction type of AJ, focal contact, and TJ, that can confer 
AJ functionality (i.e., cell adhesion) while facilitate cell movement (e.g., focal contact 
function) and transiently confer TJ functionality (e.g., during BTB restructuring in which the 
induced basal ES proteins form a “patch” at the BTB). Thus, it is not entirely unlikely that 
basal ES can supersede the function of TJ and vice versa as discussed herein. 

Cross-Talk between TJ and Anchoring Junctions at the BTB That Regulates 
BTB Dynamics 

The coexistence of TJ and AJ at the BTB has been illustrated by studies using electron and 
freeze-fracture microscopy since the 1970s. 12,16 - 41 - 88 Recent studies using fluorescent 
microscopy have also colocalized TJ and AJ to the same site at the BTB. Even though 
occludin and cadherin at the BTB have no direct protein-protein interaction as demonstrated 
by coimmunoprecipitation, they are linked via their peripheral adaptors, such as ZO-1 and 
catenins. 89 This finding is not entirely unexpected since at the early stage of TJ assembly, 
ZO-1 was shown to associate with catenins in MDCK cells. 90 Besides, ZO-1 also serves as a 
cross-linker between the cadherin/catenin protein complex and the actin-based cytoskeleton 
in nonepithelial cells. 91 - 92 In a more current study, ZO-1 was found to use the same domain 
for its interaction with occludin and a-catenin. 93 As such, ZO-1 is not only a TJ adaptor; in 
fact, it shuffles between TJ and AJ and links these two junction types to cytoskeleton. 

Using an in vivo model to study junction dynamics involving Adjudin, rats were treated with 
a single dose of this compound at 50 mg/kg b.w. by gavage to induce germ cell depletion 
from the seminiferous epithelium. 17 The drug is targeted at the apical ES with minimal 
effect to TJs and basal ES. 57 Interestingly, at the time of germ cell loss, the association 
between the protein complexes at TJ (e.g., occludin/ZO-1) and AJ (e.g., cadherin/catenin) 
via their corresponding adaptors was temporarily abolished, namely ZO-1 and a- and y- 
catenins. In essence, ZO-1 was no longer associated with catenins, and as such, occludin and 
N-cadherin as well as their adaptors, ZO-1 and y-catenin were diffusing away from the BTB 
site. 89 Yet, their association was reestablished by day 7 after treatment when germ cells 
(e.g., elongating/elongate spermatids and some round spermatids) were depleted from the 
epithelium. Based on such timely dissociation between TJ and AJ protein complexes in the 
seminiferous epithelium, an “engagement and disengagement ” theory was proposed to 
describe the unique mechanism employed by the testis to facilitate germ cell movement 
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pertinent to spermatogenesis 89 (Fig. 4). It is likely that under physiological conditions, such 
as at stages other than VII and VIII of the epithelial cycle, TJ and AJ (e.g., basal ES) are 
structurally “engaged” via their peripheral adaptors at the BTB to reinforce barrier integrity 
(Fig. 4). At the time of spermiation and when preleptotene spermatocytes must traverse the 
BTB, 6,88 which occur concurrently at stage VIII of the epithelial cycle, a transient 
“disengagement” between adaptors (e.g., ZO-1 and catenins) of the corresponding TJ and AJ 
protein complexes takes place to facilitate germ cell movement across the barrier, avoiding 
the unnecessary damage to TJ during AJ (e.g., basal ES) restructuring. This novel 
mechanism thus preserves barrier integrity while facilitating germ cell movement (Fig. 4). 
After spermiation and the movement of preleptotene spermatocytes across the BTB, the 
adaptors, namely ZO-1 and (.(-/'/-catenins become “engaged” again to strengthen the barrier. 
This theory not only provides a solid biochemical basis regarding the mechanism of germ 
cell movement across the BTB, it also provides the rationale for the coexisting TJ and AJ at 
the BTB. However, the identity of the protein(s) that “pulls” ZO-1 away from catenins to 
maintain the “disengaged” state and facilitate germ cell movement remains to be 
determined. Recent studies have shown that dynamins (e.g., dynamin II), large GTPases that 
serve as “pinchase-like mechanoenzymes” to facilitate the formation of endocytic vesicles 
by severing nascent endocytic pits from the plasma membrane, 94 - 95 are likely to maintain 
such a “disengaged” state at the BTB. 73 This work must be vigorously validated and 
expanded in future studies. 

In this context, it is of interest to note that this theory does not account for the temporal 
disruption of TJ at the BTB, which must occur to accommodate preleptotene spermatocyte 
migration. Recent studies have unequivocally demonstrated that TNFct and TGF-| J >3 
produced and secreted by Sertoli and/or germ cells into the BTB microenvironment can 
induce reversible disruption of the barrier 58 - 96 as receptors for these cytokines are mostly 
resided in Sertoli cells. 6 - 17 This is illustrated in a functional BTB assay by monitoring the 
diffusion of a small molecular dye (e.g., fluorescein S'-isothiocyanate, Mr 389) from the 
systemic circulation into the adluminal compartment behind the BTB following TNFct 
treatment. 96 Thus, it is highly plausible that these cytokines at the BTB perturb TJs, 
transiently open the barrier to facilitate preleptotene spermatocyte migration at stage VIII of 
the epithelial cycle. Indeed, the expression levels of both TNFct and TGF-P3 are highest at 
stage VIII of the cycle. 25 - 58 

Other studies using Sertoli cell cultures have shown that TGF-P3 regulates TJ-barrier 
function via the p38 and ERK MAP kinase signaling pathways. 97 - 98 Furthermore, studies 
using the in vivo CdCli model have unequivocally demonstrated that BTB dynamics are 
regulated by TGF-P3 24 ' 47 via its effects, at least in part, on the steady-state protein levels of 
protease inhibitors (e.g., a^-macroglobulin), and proteases (e.g., cathepsin F), 47 - 99 which, in 
turn, assist BTB restructuring. Other studies have shown that MMPs and TIMPs are both 
present at the ES and BTB, and whose actions are coordinated by TNFct. 25 Collectively, 
these data suggest that at the time preleptotene spermatocytes traverse the BTB, it is initially 
mediated by a transient loss in protein-protein associations between AJ-proteins at the basal 
and apical ES (e.g., cadherins/catenins) via a surge in tyrosine phosphorylation of catenins 
(and/or cadherins). Additionally, AJ-associated proteins complexes are transiently 
disengaged from TJs and the surge in TJ proteins can supersede the temporal loss of cell 
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adhesion at the BTB. During the migration of preleptotene spermatocytes across the BTB, 
Sertoli and germ cells secrete TGF-( J >3 and/or TNF-a into the microenvironment at the BTB, 
which reduce the steady-state levels of TJ-proteins at the BTB to “open” the barrier to 
facilitate germ cell migration. Ser/Thr phosphorylation and the temporal increase in AJ- 
proteins can substitute the TJ-barrier function by forming a “patch” in the “opened” BTB. 
After germ cells pass through the BTB, further TJ disassembly can be limited by the 
production of protease inhibitors such as a 2 -MG and TIMPs. 99,100 Finally, TJ and AJ 
become structurally linked and “engaged”, which is mediated via their peripheral adaptors to 
reinforce the BTB. 

Additionally, it is of interest to note that the disengagement between TJ and AJ at the time 
of Adjudin-induced germ cell depletion from the epithelium does not involve actin 
disruption, since the level of F to G-actin increases as AJ disengaged from TJ. 89 This 
illustrates that this germ cell loss event is entirely a junction restructuring process. Perhaps 
the increase in F-actin content provides additional scaffolding function to the BTB during 
germ cell depletion. Indeed, an increase in F- to G-actin ratio is detected in human 
adenocarcinoma cells with an increase in invasiveness, 101 illustrating active AJ restructuring 
pertinent to cellular migration is associated with an increase in F-actin, consistent with 
results obtained from the Adjudin model. 

In short, the biochemical events that occur at the BTB during spermatogenesis as discussed 
above are in agreement with the “junction restructuring theory”. 17 Also, these recent 
biochemical findings do not negate the “zipper theory” 313 or the “intermediate cellular 
compartment theory”. 7,14 Indeed, these three theories are not mutually exclusive. In essence, 
the “junction restructuring theory” is a biochemical version of the combined “zipper” and 
“intermediate cellular compartment” theories, taking into account the molecular players in 
the junction restructuring events that occur during spermatogenesis. For instance, in the 
“zipper theory”, the “old” TJ fibrils above the migrating preleptotene spermatocytes must be 
broken down after the formation of the nascent TJ fibrils below these migrating cells as 
illustrated in the “intermediate cellular compartment theory” in which preleptotene 
spermatocytes were shown to be trapped between TJ fibrils in the seminiferous 
epithelium. 14 The “disengagement” between TJs and AJs at the BTB as discussed above 
(see also ref. 89) thus offers the biochemical mechanism to facilitate preleptotene 
spermatocyte migration across the BTB. 

Cross-Talk between TJ, Anchoring Junction, and GJ in the Seminiferous 
Epithelium Is Crucial to Spermatogenesis 

In other epithelia, cross-talk between different junctions has been the subject of active 
investigation in recent years. For instance, cross-talk between cadherins and integrins is 
likely mediated by Rapl GTPase. It was shown that the disassembly of AJ through 
endocytosis activated Rapl, which, in turn, enhanced the integrin cell-matrix adhesion by 
redistributing intergrins to new adhesion sites. This thus avoids uncontrolled cell 
dissemination. 103 Direct association between AJ proteins (e.g., nectin-1 and 3) and PAR-3 (a 
signaling molecule usually restricted to TJ and crucial to cell polarization working in concert 
with aPKC and PAR-6 103 ) was also reported in neural epithelial cells in which the affinity 
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of nectins toward afadin (an adaptor of nectin) and PAR-3 was found to be similar. 104105 
Protein interacting with C-kinase-1 (PICK-1), a scaffolding protein, interacts with both AJ 
(e.g., nectin) and TJ proteins (e.g., JAM-A, B & C but not claudins) in CHO cells. 106 It is 
believed that PICK-1 is an adaptor which coordinates cross-talk between TJ and AJ in 
epithelial cells. However, the significance (and its presence in the testis) of PICK-1 in cross¬ 
talk between TJ and anchoring junction (e.g., basal ES) at the BTB and between apical ES 
and BTB remains to be determined. Gap junctions (GJ) (e.g., connexin-43) are recently 
shown to associate with TJ (e.g., ZO-1 & 2) 107 ’ 108 and AJ proteins (e.g., N-cadherin, ci- 
catenin, (3-catenin and pl20 ctn ). 109 These findings thus demonstrate the potential inter¬ 
dependent relationship between junction types in various epithelia including the BTB, which 
is likely mediated via peripheral adaptors. In some cases, their roles can be temporarily 
superseded by each other, as illustrated in the engagement and disengagement theory in the 
BTB. 89 In others, the formation of a junction type requires the coassembly of another type. 
For instance, when either connexin-43 (GJ) or N-cadherin (AJ) was disrupted by RNA 
silencing, gap junctional communication as well as the mobility of NIH3T3 cells was 
reduced, 109 illustrating a functional AJ and GJ linkage. 

Concluding Remarks—Lesson from the Testis 

In the past decade, much work has been done in dissecting the role of TJ and anchoring 
junction dynamics in spermatogenesis, however, the crucial information is still lacking in 
the field as highlighted in this review. For instance, how is the cross-talk between TJ and 
anchoring junctions initiated and regulated? Is the cross-talk limited between TJ and AJ 
(e.g., basal ES and apical ES) or is it extended to the desmosome-like junctions? What are 
the signaling molecules and pathways that are involved in this cross-talk? Answers to some 
of these questions will also unravel potential targets for male contraception and may offer an 
explanation for unexplained infertility. Nonetheless, recent findings regarding the regulation 
of different junction types at the BTB as reviewed herein have illustrated that the testis has a 
unique mechanism in place in which anchoring junction (e.g., basal ES) and TJ can be 
functionally segregated so that preleptotene spermatocytes can traverse the BTB without 
compromising the TJ-barrier function. Additionally, cytokines (e.g., TGF-( J >3 and TNFa) 
produced locally by Sertoli and/or germ cells and secreted into the microenvironment of 
BTB are also being used to transiently “open” the TJ-barrier to facilitate germ cell 
movement. It will be of interest and physiologically important to determine if this 
mechanism is used to facilitate food absorption across the epithelial TJ-barrier in small 
intestine or to facilitate transepithelial migration of neutrophils across the endothelial TJ- 
barrier in microvessels at the inflammation site. 
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Figure 1. 

The physiological relationship along the hypothalamic-pituitary-testicular axis that regulates 
testicular function, and the intimate structural relationship between Sertoli and germ cells in 
the seminiferous epithelium during spermatogenesis. A) This is a schematic drawing that 
shows the hormonal regulation of spermatogenesis in the testis via the hypothalamic- 
pituitary-testicular axis. LHRH released from the hypothalamus stimulates the production of 
LH and FSH by the pituitary gland, which in turn regulates Leydig and Sertoli cell 
functions, residing in the interstitium and the seminiferous epithelium, respectively. 
Testosterone (T) and inhibin (and others, e.g., follistatin) released by Leydig and Sertoli 
cells, respectively, provide the necessary feed-back loops to maintain the endogenous levels 
of LH and FSH to regulate spermatogenesis. Any changes in the homeostasis of these 
hormones can perturb spermatogenesis. For instance, a reduction of intra-testicular T level 
can suppress spermatid (step 8 and beyond) adhesion, leading to spermatid depletion from 
the epithelium without disrupting the blood-testis barrier (BTB) integrity. 60 ~ 6 - The right 
panel represents a stage II-VI seminiferous tubule dissected from the testis by using a 
transilluminating stereomicroscope as described. 1 B) A semi-thin cross-section from an 
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adult rat testis showing a seminiferous tubule at stage V of the epithelial cycle, illustrating 
the intimate relationship between Sertoli (SC) and different germ cells (e.g., sg, 
spermatogonium; SP, pachytene spermatocyte; RS, round spermatid; es, elongating/elongate 
spermatid) that constitute the seminiferous epithelium, resting on the basement membrane 
(see asterisks). C) A schematic drawing of the seminiferous epithelium that illustrates germ 
cells at different stages of their development are associated with Sertoli cells via specialized 
cell junctions, such as AJ, apical ectoplasmic specialization (apical ES) and desmosome-like 
junctions (DJ), and apical tubulobulbar complex (apical TBC). The BTB, which is 
composed of tight junction (TJ), basal ES, basal TBC, DJ, and AJ, anatomically divides the 
seminiferous epithelium into the basal and adluminal compartments. However, the BTB 
must “open” to accommodate the movement of preleptotene spermatocytes across the barrier 
at stage VIII of the epithelial cycle. 7 This figure was prepared based on recent findings and 
reviews in the field. 6 ’ 17 ’ 45 ' 110 Bar in (B), 10 pm. 
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Figure 2. 

Electron micrograph of normal rat testes illustrating the typical BTB ultrastructural features. 
The features shown herein for BTB from an adult rat are applicable to mice and most other 
mammals. The basement membrane (asterisk), which is part of the tunica propria, appears as 
a homogeneous substance. This is a modified form of extracellular matrix (ECM) 42 and is 
clearly visible underneath the collagen (type 1) fibrils. The BTB is composed of coexisting 
tight junction (TJ, blue arrowheads), basal ES (bracketed in red), desmosome-like junction 
(DJ, bracketed in green, see electron dense substances on both sides of the apposing Sertoli 
cell plasma membranes typified of desmosome), and adherens junction (AJ, bracketed in 
yellow). Basal ES refers to the ultrastructure between two adjacent Sertoli cells typified by 
the presence of actin bundles (red arrowheads) sandwiched between the endoplasmic 
reticulum (ER) and the plasma membrane that are found on both sides of the two adjacent 
Sertoli cells (SC). Bar, 0.2 pm. 
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Figure 3. 

A schematic drawing depicting the currently known protein complexes at the apical 
ectoplasmic specialization (ES) and the BTB. Apical ES (top panel) is limited to the 
interface between Sertoli cells and spermatids (step 8 and beyond) in the apical compartment 
of the seminiferous epithelium in adult rat testes. As discussed in the text, the apical ES is a 
testis-specific hybrid cell-cell actin-based adherens junction (AJ), tight junction (TJ), and 
cell-matrix focal contact anchoring junction type since it contains protein complexes that are 
found in AJ (e.g., cadherins/catenins, nectins/afadins), TJ (e.g., JAM/CAR/ZO-1), and focal 
adhesion complex (FAC) (e.g., u6|i I integrin/laminin-333) of other epithelia. Some of the 
peripheral adaptors (e.g., a- and (3-catenins, ZO-1), kinases (c-Src) and signaling molecules 
(e.g., pl20ctn) that are known to associate with these complexes in adult rat testes are also 
shown. The BTB (bottom panel) is found between two adjacent Sertoli cells near the 
basement membrane that segregates the seminiferous epithelium into the adluminal and the 
basal compartments (see Figs. 1C, 2). In adult rat testes, the BTB is constituted by 
coexisting tight and anchoring junctions (see Figs. 1C, Fig. 2). The BTB is composed of 
protein complexes that are found in TJ (e.g., JAMs/ZO-1, claudins/ZO-1, occludin/ZO-1), 
AJ/basal ES/basal TBC (e.g., N-cadherin/catenin), desmosome-like junction [e.g.. 
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connexins, desmogleins (Dsg), desmocollins (Dsc)] of other epithelia. This drawing was 
prepared based on several recent papers and reviews. 17 ’74,89,lll-lL-> B ecause G f S p ace 
limitation, only the integral membrane proteins and some of the better studied adaptors, 
kinases and signaling molecules are shown. 
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Figure 4. 

A-C) A schematic drawing that illustrates the engagement and disengagement mechanism 
between TJ and AJ at the BTB to facilitate preleptotene spermatocyte migration. A) The 
restructuring of TJs and AJs (e.g., basal ES) at the BTB are regulated by the “engagement 
(close)” and “disengagement (open)” mechanism to facilitate preleptotene spermatocyte 
migration across the BTB with minimal damaging effects on the barrier integrity. The left 
top panel shows the spatial arrangement of the seminiferous epithelium in which the BTB 
separates the epithelium into the basal and adluminal compartments. TJs (e.g., occludin/ 
ZO-1) and basal ES (e.g., N-cadhcrin/v-catenin) that coexist at the BTB are structurally 
associated with each other via the peripheral adaptors (e.g., ZO-1 and catenins). At stage 
VIII of the epithelial cycle, spermiation occurs when elongated spermatids emptying into the 
tubule lumen, and when preleptotene spermatocytes traverse the BTB, a transient opening of 
BTB must occur. B,C) In stages other than VIII, protein complexes occludin/ZO-1 and N- 
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cadherin/p-catenin at the BTB are “engaged” via their corresponding adaptors to reinforce 
the BTB integrity. At stage VIII of the epithelial cycle during which preleptotene 
spermatocytes traverse the BTB, in order to minimize the damage to the BTB, adaptors (e.g., 
catenins) at the apical ES are ‘disengaged’ from adaptors (e.g., ZO-1) at the TJ. We 
postulate that at the time of AJ (e.g., basal ES) disassembly, which is likely mediated by 
TGF-P3 via the ERK signaling pathway, 57 - 58 to facilitate preleptotene spermatocyte 
migration, TJ-proteins transiently maintain the barrier function alone as well as cell adhesion 
(e.g., the first extracellular domain of occludin is known to confer cell adhesion function) 
(B). The migrating germ cells and Sertoli cells also produce more cytokines, such as TGF-P3 
and TNF-a, into the BTB microenvironment at stage VIII of the epithelial cycle. When 
these cytokines bind onto the receptors on the Sertoli cell, the cascade of signaling 
molecules (e.g., p-p38) are activated, which, in turn, reduces the levels of TJ proteins (e.g., 
occludin) at the BTB 24 - 47 - 58 to facilitate preleptotene spermatocyte migration (C). The 
induced AJ (e.g., basal ES) proteins at the site likely supersede the role of the TJ-proteins at 
the BTB transiently by “patching” the temporarily disrupted TJ-barrier so as to maintain the 
BTB integrity (C). The “unpairing” of these TJ and AJ (e.g., basal ES) proteins are mediated 
either via changes in tyrosine phosphorylation, thereby causing the loss of adhesiveness of 
these protein complexes, facilitating germ cell movement. This model was prepared based 
on recently published reports as discussed in the text. Sg, spermatogonium; Sp, pachytene 
spermatocyte; es, elongating spermatid; SC, Sertoli cell; P, phosphate; ZO-1, zonula 
occludens-1; AJ, adherens junction; basal ES, basal ectoplasmic specialization; TJ, tight 
junction; GJ, gap junction; DJ, desmosomes. 
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